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A  Practical,  Convergent  Method  for  Glycopeptide  Synthesis. 

Shimon  T.  Cohen-Anisfeld^  and  Peter  T.  Lansbury,  Jr.* 

Department  of  Chemistry,  Massachusetts  Institute  of  Technology, 
Cambridge,  Massachusetts  02139 


ABSTRACT 

Glycopeptides  are  useful  compounds  to  model  the  conformational  effects  of 
the  biosynthetic  glycosylation  of  asparagine  (N)  residues  in  glycoproteins.  We  report 
herein  a  practical,  convergent  method  for  the  synthesis  of  N-glycopeptides.  The  key 
reaction  involves  the  acetylation  of  a  P  glycosyl  amine  with  a  partially  protected 
peptide.  Commercially-available  protected  amino  acids  and  peptide  synthesis  resin 
are  used.  The  P  glycosyl  amine  can  be  derived  from  any  reducing  sugar  by  a  simple 
procedure.  Optimized  experimental  protocols  are  included  for  each  step.  Several 
glycosylations  involving  complex  and  acid-sensitive  oligosaccharides  are  reported, 
including  the  coupling  of  a  heptasaccharide  (8)  with  a  pentapeptide  (14)  in  53% 
purified  yield. 
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Many  secreted  and  cell-surface  proteins  are  modified  by  the  covalent 
attachment  of  carbohydrate  to  an  asparagine  (Asn,N)  residue  via  a  p-N-glycosidic 
linkage  (Figure  1).^  The  structures  of  N-linked  oligosaccharides  fall  into  three  basic 
types:  high-mannose,  complex,  and  hybrid  oligosaccharides.  All  of  these  contain 
the  common  pentasaccharide  core  (Man)3(GlcNAc)2,  but  differ  in  the  nature  of  the 
outer  residues. The  effects  of  these  sugars  both  on  the  folding  of  the  protein  and 
on  its  final  structure  constitute  areas  of  significant  interest. N-Glycopeptides 
are  often  used  as  models  for  studying  these  interactions,”"^^  and  therefore  a 
convenient  route  to  these  compounds  would  be  of  great  value. 


insert  Figure  1  here 


Synthesis  of  N-glycopeptides  has  been  carried  out  most  often  by  the  stepwise 
approach,  in  which  a  glycosyl  amine  is  coupled  to  a  suitably  protected  Asp 
derivative  to  give  an  Asn(Sug)  derivative,  which  is  then  deprotected  and  elongated 
to  give  the  desired  glycopeptide.^^"^®  There  are  several  solid-phase  methods 
available  which  utilize  this  approach.’ These  methods  suffer  from  two  major 
disadvantages  related  to  the  introduction  of  the  sugar  at  an  early  stage  in  the 
synthesis.  First,  some  of  the  O-glycosidic  bonds  present  in  complex  oligosaccharides 
are  not  completely  stable  to  the  acidolytic  deprotection  conditions  normally  used  in 
peptide  synthesis.  Although  the  methods  mentioned  above  have  been  designed  to 
minimize  the  exposure  of  the  glycosidic  bonds  to  acid,  they  all  require  a 
trifluoracetic  acid  (TFA)  treatment  step  for  resin  cleavage  or  side  chain  deprotection. 
'^hile  this  may  be  acceptable  for  certain  oligosaccharides,  it  is  likely  to  lead  to  O- 
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glycosidic  bond  cleavage  in  some  cases,  particularly  for  the  more  sensitive  linkages. 
Second,  the  early  introduction  of  the  sugar  means  that  several  equivalents  of  sugar 
are  needed  and  that,  because  the  sugar  must  survive  additional  amino  acid  coupling 
steps  and  deproteclion,  the  overall  yield  from  oligosaccharide  to  glycopeptide  is  low. 
This  may  be  acceptable  for  monosaccharides  or  for  oligosaccharides  which  are 
available  in  large  amounts,  but  may  be  an  impediment  to  the  synthesis  of 
glycopeptides  containing  complex  oligosaccharides  which  are  available  from 
synthetic  or  natural  sources  in  only  small  quantities.  In  the  convergent  strategy 
reported  herein,  the  sugar  must  endure,  at  the  most,  two  mild  deprotection  steps. 

As  an  alternative  to  these  methods,  we  have  proposed  a  convergent 
approach,  based  on  the  coupling  of  the  carbohydrate  amine  to  an  Asp-containing, 
partially-protected  peptide.”-  The  introduction  of  the  sugar  in  a  late  step 

requires  less  material  and  avoids  exposure  of  the  oligosaccharide  to  acidic 
conditions.  In  addition,  the  convergent  approach  allows  the  synthesis  of  a  series  of 
glycopeptides  containing  different  oligosaccharides,  without  the  need  to 
resynthesize  the  peptide  for  each  individual  case. 

In  order  to  make  the  convergent  approach  a  viable  alternative  to  the  stepwise 
strategy,  three  problems  must  be  solved. First,  since  glycosylation  of  a  peptide  is 
expected  to  be  slower  and  more  difficult  than  glycosylation  of  an  amino  acid, 
especially  when  the  sugars  are  large;  a  potent  coupling  reaction  is  needed  in  order  to 
carry  out  a  high-yield  glycosylation  of  a  peptide.  Second,  when  a  peptidyl  Asp  side 
chain  is  activated  for  glycosylation,  there  is  the  potential  for  a  competing,  relatively 
facile  intramolecular  reaction,  namely,  cyclization  to  the  succinimide^”^^  (Figure  2); 
this  side  reaction  must  be  minimized.  Third,  a  protective  group  scheme  must  be 
developed  which  allows  selective  deprotection  of  one  Asp  residue,  with  other 
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protective  groups  remaining  intact.  After  the  glycosylation,  the  other  protective 
groups  must  be  removed  in  a  mild  manner. 

insert  Figure  2  here 

In  a  previous  paper we  began  to  deal  with  the  first  two  of  these  issues,  by 
reporting  the  optimization  of  a  simple  glycosylation  to  minimize  succinimide 
formation  and  maximize  yield.  The  present  paper  discusses  the  synthesis  of 
appropriately-protected  peptides  for  glycosylation,  as  well  as  the  synthesis  of  the 
other  partner  in  the  glycosylation  reaction,  the  (J-glycosyl  amine.  In  addition,  the 
optimization  of  several  complex  glycosylation  reactions  is  reported,  as  well  as  the 
utilization  of  the  convergent  approach  for  the  synthesis  of  a  variety  of  glycopeptides, 
including  glycopeptides  containing  acid-sensitive  and  precious  oligosaccharides, 
compounds  which  would  be  particularly  difficult  to  synthesize  by  the  stepwise 
approach.  The  glycopeptides  which  have  been  synthesized  according  to  our  strategy 
are  among  the  most  complex  members  of  this  class  yet  prepared  by  chemical 
synthesis. 

RESUME  REVISIONS  HERE 

RESULTS  AND  DISCUSSION 


Synthesis  of  B-glycosyl  amines 

3-Glycosyl  amines  have  generally  been  synthesized  by  reduction  of  the 
corresponding  azides.^®-  More  recently,  several  groups^"*'  have  begun  to  use 
the  much  simpler  approach  introduced  by  Kochetkov,'’^  in  which  the  reducing 
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oligosacchai .  is  treated  for  an  extended  period  of  time  with  saturated  aqueous 
ammonium  bicarbonate  to  afford  exclusively  the  (3  isomer  of  the  corresponding 
amine.  In  addition  to  the  glycosyl  amine,  the  crude  product  of  this  reaction  usually 
contains  some  starting  material  and,  in  some  cases,  side  products,  such  as  the 
diglycosyl  amine. Because  of  the  instability  of  the  glycosyl  amine, 
purification  is  undesirable  and  thus  this  crude  product  has  been  used  directly  in 
glycosylations.^"*- 

It  is  important  to  determine  the  amount  of  glycosyl  amine  present  in  the 
crude  reaction  mixture,  especially  in  the  case  of  precious  sugars.  In  addition,  there  is 
a  need  for  a  way  to  confirm  that  all  the  NH3  from  the  reaction  mixture  has  been 
removed,  since  any  that  remains  will  produce  the  undesired  Asn-containing 
peptide.  We  have  developed  an  HPLC  assay  which  meets  both  these  needs.  After 
workup,  a  measured  amount  of  the  crude  glycosyl  amine  is  coupled  to  a  known 
amount  of  Boc-Asp-OBn,  using  2*(lH-benzotriazol'l-yl)-l,l,3,3-tetramethyluronium 
hexafluorophosphate  (HBTU)^^  as  coupling  reagent.  Quantitation  by  HPLC  of  the 
ratio  of  Boc-Asn(Sug)-OBn,  Boc-Asn-OBn,  and  Boc-Asp-OBn  provides  an  estimate  of 
the  amount  of  glycosyl  amine  and  the  amount  of  ammonia  present  in  the  crude 
product.  This  HPLC  assay  is  an  indirect  measure  whose  success  depends  on  the 
efficiency  of  the  glycosylation  of  Boc-Asp-OBn  (we  have,  in  several  cases,  measured 
80-90%  conversion  to  glycosyl  amine). 

With  this  analytical  method  in  hand,  we  set  out  to  prepare  several  glycosyl 
amines  for  glycopeptide  synthesis.  The  desired  glycosyl  amines  are  shown  in  Figure 
3.  G1cNAcNH2  (1)  is  commercially  available.  Chitobiose  constitutes  the 
disaccharide  core  of  N-linked  sugars;  the  peracetylated  compound  (2)  is 
commercially  available.  Fucal-6GlcNAc  was  of  interest  to  us  because  the  addition 
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of  a  fucose  to  the  interior  GlcNAc  of  the  core  structure  is  a  biological  event  whose 
consequences  are  unclear.^'^  In  addition,  the  Fucal-6  linkage  is  a  very  acid-sensitive 
one,  so  that  glycopeptides  containing  this  sugar  cannot  be  easily  prepared  by  non- 
convergent  nnethods.^^  The  peracetylated  disaccharide  (5)  was  synthesized  from  L- 
fucose  and  GlcNAc-OBn  by  a  modification^®  of  the  literature  procedure. The 
heptasaccharide  (Man)5(GlcNAc)2  (7),  which  occurs  in  many  high-mannose 
glycoproteins,  was  made  available  to  us  by  Dr.  Christopher  Warren  of  Massachusetts 
General  Hospital.  This  compound  is  isolated  from  the  urine  of  sheep  wuth 
swainsonine-induced  a-mannosidosis,  a  disease  in  w’hich  the  catabolism  of 
mannose-containing  glycoproteins  is  impaired,  causing  the  buildup  of  mannose- 
containing  oligosaccharides.'*^' 

insert  Figure  3  here 

These  sugars  were  converted  to  the  amines  using  the  Kochetkov  reaction.  In 
some  cases,  the  peracetylated  compounds  were  treated  directly  without  prior 
deacetylation,  with  the  expectation  that  the  ammonia  would  remove  the  protective 
groups  as  w'ell  as  forming  the  amine.^^'  After  a  simple  w'orkup  consisting  of 
drying  in  vacuo  to  a  constant  weight  (to  remove  NH3),  the  samples  were  analyzed 
by  the  HPLC  assay  described  above.  The  results  are  showm  in  Figure  3.  Conversion 
to  glycosyl  amine  was  considerably  less  efficient  in  the  cases  w'here  peracetylated 
sugar  starting  materials  were  used.  This  may  be  due  to  the  formation  of  SugNHAc 
as  a  side  product.  In  any  case,  these  results  indicate  that  peracetylated  sugars  should 
be  deprotected  (e.g.,  by  Zemplen  hydrolysis)  before  use  in  the  Kochetkov  amination 
reaction.  For  unprotected  sugar  starting  materials  (e.g.,  3  and  7),  this  reaction 
provides  good  yields  of  glycosyl  amines.  The  (3  stereochemistry  of  these  amines  was 
confirmed  by  NMR  analysis  of  the  stereochemistry  of  the  sugar-Asn  linkage  after 
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glycosylation  (JnM,H1  ~  9  Hz);  no  evidence  of  the  a  anomer  was  found  in  any  of  the 
glycopeptides  synthesized. 

Synthesis  of  appropriately  protected  peptides 

In  order  to  synthesize  complex  glycopeptides,  a  double-deprotection  scheme 
was  required.  A  first  deprotection  step,  performed  after  peptide  synthesis  but  before 
glycosylation,  should  deprotect  the  Asp  to  be  glycosylated  but  leave  other  Asp 
residues  and  other  reactive  side  chains  protected  (Figure  4,  step  2).  A  second,  mild 
deprotection  step,  performed  after  glycosylation,  should  remove  the  remaining 
protective  groups  (Figure  4,  steps  4&5). 

In  our  approach  (Figure  4),  the  peptide  is  synthesized  using  Boc  amino  acids 
on  the  methylbenzhydryl  amine  (MBHA,  produces  C-terminal  peptide  amide)  resin, 
which  is  cleaved  by  strong  acid  (HF).  Certain  residues  which  are  generally  protected 
during  peptide  synthesis  do  not  need  to  be  protected  during  glycosylation,  and  are 
therefore  protected  with  protective  groups  which  are  removed  during  the  cleavage 
from  the  resin;  these  residues  are  Tyr,  Ser,  Thr,  and  Arg  (see  Figure  4,  step  2).  The 
Asp  to  be  glycosylated  is  likewise  protected  with  an  acid-labile  group;  the  cyclohexyl 
ester  (cHex)  is  preferable  to  the  benzyl  ester  (Bn),  in  order  to  minimize  aspartimide 
formation  during  peptide  synthesis.  The  other  reactive  amino  acids  are  protected 
with  groups  which  are  stable  to  the  HF  cleavage  but  which  can  be  removed  under 
mild  conditions  after  glycosylation.  For  Lys,  Glu,  and  Asp  (other  than  the  one  to  be 
glycosylated),  protective  groups  are  used  which  can  be  removed  by  treatment  with 
piperidine  (or  the  even  milder  base  morpholine),  namely,  the 
fluorenylmethoxycarbonyl  (Fmoc)  carbamate  group  (for  Lys)  and  the 
fluorenylmethyl  ester  (Fm)  group  (for  Glu  and  Asp).  For  Cys  and  His,  protective 
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groups  are  used  which  can  be  removed  by  treatment  with  thiophenol,  namely,  the 
ethyl  disulfide  (for  Cys)  and  the  dinitrophenyl  (DNP)  group  (for  His).  All  of  the 
protected  amino  acids  required  for  this  scheme  are  commercially  available. 

insert  Figure  4  here 

Several  peptides  were  synthesized  using  this  protection  strategy  (Figure  5). 
The  peptides  Ac-E(Fm)DASK(Fmoc)A-NH2  (9)  and  Ac-C(SEt)DH(DNT)TRA-NH2 
(10)  were  designed  to  test  this  protective  group  scheme.  Ac- 
AE(Fm)AAAK(Fmoc)E(Fm)AAAK(Fmoc)E{Fm)DASK(Fmoc)A-NH2  (11)  and  Ac- 
AE(Fm)AAAK(Fmoc)E(Fm)DASK(Fmoc)E(Fm)AAA-K(Fmoc)A-NH2  (12)  have 
sequences  based  on  the  helix-forming  peptide  of  Marqusee  and  Baldwin,"*^'^^  and 
were  designed  to  test  the  effect  of  the  sugar  on  the  peptide  conformation.  Ac- 
E(Fm)E(Fm)K(Fmoc)YDLTSVL-NH2  (13)  comprises  residues  288-297  of  ovalbumin 
and  is  glycosylated,  in  vivo,  with  a  high-mannose  type  oligosaccharide.  These 
peptides  were  synthesized  on  the  MBHA  resin  using  the  protective  groups  shown  in 
Figure  4  and  cleaved  from  the  resin  with  HF.  In  the  case  of  Ac- 
E(Fm)DASK(Fmoc)A-NH2,  the  peptide  was  purified  by  HPLC  before  glycosylation. 
For  the  other  peptides,  the  glycosylation  was  carried  out  on  crude  peptide.  In 
addition,  the  peptide  AC-YDLTS-NH2  (14),  comprising  residues  291-295  of 
ovalbumin,  was  synthesized.  Since  this  peptide  contains  no  residues  which  require 
protection  during  the  glycosylation,  it  was  synthesized  using  a  standard  peptide 
synthesis  protocol,  rather  than  the  approach  described  above.  This  peptide  was 
purified  by  HPLC  before  glycosylation. 

insert  Figure  5  here 
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Cohen-Anisfeld  and  Lansbury 


Table  2 


Peptide 

Sugar 

Sup\’H2 

(eq.) 

1. 

9 

1 

1 

2. 

9 

1 

1 

3. 

9 

1 

2 

4. 

14 

8 

2 

5. 

14 

8 

1 

6. 

14 

8 

2 

product 

distribution  (%)^ 

DIEA 

(eq.) 

glvcopep. 

ESp. 

imide 

0 

30 

33 

37 

1 

31 

b 

69 

0 

55 

b 

45 

0 

73 

25 

2 

1 

48 

46 

6 

1 

81 

12 

7 

*  product  distribution  was  determined  by  measurement  of  HPLC  peak  heights;  ^  peptide  was 
present  at  £5%  and  was  not  included  in  calculating  the  product  distribution. 


Cohen- Anisfeld  and  Lansbury 


Table  3 


Peptide 

Sugar 

Qnli 

DIEA 

(eq.) 

HBTU 

(eq.) 

HOBt 

(eq.) 

Yield^ 

9 

1 

2 

0 

9 

5 

10^ 

1 

2 

1 

5 

0 

43%  (step  3)b, 

48%  (step  5)*^ 

lib 

1 

2 

0 

5 

5 

12b 

1 

3 

0 

5 

5 

12%(steps3&4)b 

13b 

1 

3 

0 

5 

5 

14 

1 

2 

0 

3 

1 

14 

4 

2 

2 

3 

0 

88%  (step  3) 

14 

6 

1 

2 

5 

5 

14 

8 

1 

2 

5 

5 

55%  (step  3) 

*  yield  shown  is  the  purified  yield  for  the  indicated  stcp(s)  (see  Figure  4);  ^  these  pephdes  were 
not  purified  prior  to  glycosylation.  Yields  are  based  on  an  estimate  of  peptide  purity  by  amino 
acid  analysis.  ^  deprotection  (step  4)  was  quantitative  by  HPLC;  the  unprotected  glycopeptide 
was  isolated  as  the  disulfide-bonded  dimer. 
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A  Convergc'nt  Approach  to  the  C'hemical  Synthesis  of  Asparagine-Linked  Glycopeptides 


.shimiip.  'I'  Ani'^U-ld  iind  Heter  'I'  .  Ir  * 

Ij,  ItaniHtni  vf  .  Ma!,saihusi-tis  In<titu:^  -./  Tpchnuiig\.  l  amhria^f.  Massaihunetis  uJi:j9 

hi  (  fu-ed  Ju:\  17.  199“ 


iiummary  Reaction  condiiiuris  lur  the  direct  cfiuplini:  oi 
gi>'cosylamines  to  aspartic  acid  containing  peptides  are 
described. 

A  cotranslational  process  which  is  common  to  the 
biosynthetic  pathways  of  many  cell-surface  and  secreted 
eukaryotic  proteins  involves  transfer  of  (GlcUfManl^- 
iGlcNAc)^  to  an  asparagine  amide  nucleophile  to  produce 
an  asparagine-linked  glycoprotein  ( 1 1.'  Because  it  occurs 


1  R  .  (aic)j(Man)t(aieMAe) 


cotranslocationally.  glycosylation  may  play  a  role  in  the 
folding  of  glycoproteins.^  In  order  to  model  the  interac¬ 
tions  between  the  nascent  polypeptide  chain  and  the  at- 
uched  oligosaccharide,  we  have  undertaken  the  chemical 
synthesis  of  a  series  of  glycopeptides.  The  existing 
methods  of  glycopeptide  synthesis  involve  coupling  of  a 
glycosylamine  to  a  suitably  protected  aspartic  acid  to  give 
a  protected  asparagine-carbohydrate  conjugate,  followed 
by  selective  deprotection  and  elaooration  of  the  glycoamino 
acid  in  a  stepwise  manner. The  0-glycosidic  linkage 
present  in  complex  oligosaccharides  is  not  stabie  to  the 
acidolytic  deprotection  conditions  normaliy  used  in  peptide 
svTilhesis:*^  therefore,  application  of  this  strategy  to  com¬ 
plex  targets  requires  the  use  of  specialized  amino  acid 
derivatives^-'*-  or  the  elaboration  of  the  oligosaccnaride 
portion  of  the  glycopeptide  by  chemical  or  enzymatic" 
methods  .As  a  practical  alternative,  we  are  seeking  t" 
deseiop  a  converzent  approach  based  on  the  couplii-.g  of 
an  oligi^sacrharide  .j-glycosyiamine  to  an  aspartic  acid 
containing  peptide.^'  Large  peptides  could  be  maae  and 


■  ,  •  lai  .Srar''-  N  T!B.'  19M.  19?  ifi  Oldan.  K..  Parent  I  B  ;  White. 
>  I.  fit-.r?:-!  Hi  pn  ,'  .-If; a  1982  2','9  'c'Wesi. M  .t?  .'.  (V.'. 

■r.  I98«  ■ 

ifi  -ai  Struck.  D.  L-;  Lennarr.  W,  J,  Th<-  - 

p'^:rins  and  prol fop r. cans.  L^nnarz.  W  ■)..  Ed  ;  Pienurr  Pre?.-  .Ne» 
i  -^rK.  198(1;  pp  36-8.1  lb' Kornfeld  R  ;  Komfeld.  S.  .-tm.  A’,-;  hiochfr-. 
19*5  5,'.  63’. 

'3i  Kunz.  H.  Angeu  Cneti .  Ini.  Ed.  Enpl.  1987.  26.  294 
4'  Otvof.  L  .  Ir :  Wroblewfki.  K  :  Kollat.  E  ;  Perczel.  .4  :  H  'ilrKu  M 
Fa.srr.an  C,  l! :  Ertl  H  r  I,  Thuor.  .1  P.--  Rrs.  1989.  2.  ’e'C 
■'  K  ,r.7  H  li'-m*"  B  .4sr-'..  C'ne'n.inl  Ed  End  I9'>« 

S' Kur.z.  H  vyaidmann.  H  .Anecu  Vhcm  .  In:  Ea  Ens:.  1983.  . ’4 

'a>  Garit.  H  0  .  .Jeanloz.  R  W  .4dianrf-j  m  Cart>i,h\d'a:i'  (  hem 
ivt'c  and  Rioc>i»mi<rr\ ,  .Xcademic  Press.  Inc  New  York.  19s.'.  Vol  4.1 
pp  13S-is'4  ib>  Nakabavashi,  .S  ;  Warren.  C  1) .  .Jeanlor  R  W.  (  jrhn- 
n\dr  Hr*  1988  174.  2"9 

Thiem.  1 1  Wiemann.  T  Angeu  Chem.Int  Ed.  Engl.  \no.J9.6g> 
(9i  An  eaample  of  the  (tlycosvlaiion  of  a  iimple  amide  ha.*  l>een  re 
peirted.  however,  the  o-anomer  waa  the  prednminani  prodin  i  Ka.hne.  I> 
Walker,  S  .  Cheng.  Y  ;  Y  an  Engen  0  J  Am.  Cnrm  .Sor.  1989.  I/;.  6HHi 
I  lOi  Waldmann  H  ;  Ma'r  I  Knnr,  H Carbo/itdr  R. «  1990  /%  7'> 


P'jrified  by  standard  techniques,  followed  by  the  intro¬ 
duction  of  acid-sensitive  and  synthetically  precious  oligo¬ 
saccharide  in  a  late  step.  Realization  of  this  strategy  re¬ 
quires  a  high-yield  coupling  reaction  lor  the  formation  ot 
the  glycopeptide  amide  bond  and  a  protection/ deprotec- 
iion  scheme  which  allows  selective  deprotection  of  the 
desired  aspartic  acid  and,  subsequently,  mild  deprotection 
of  the  product  glycopeptide.^  This  paper  focuses  on  the 
coupling  reaction  and  reports  ihe  synthesis  of  four  giyco- 
peptide  amides. 

While  the  coupling  of  protected  glycosyl  amines  (e.g.  2. 
Chart  Ii  to  a-esters  of  aspartic  acid  (Aspi  proceeds  in  gocxi 
yield.^®  ’  the  coupling  to  Asp-containing  peptides  may 
be  complicated  by  competing  intramoiecuiar  succinimide 
formation. In  order  to  minimize  succinimide  forma¬ 
tion  and  achieve  a  high-yield  coupling,  we  have  found  that 
several  factors  muat  be  carefully  controlled.  The  activation 
of  the  peptide-aspartate  carboxyl  group,  the  minimization 
of  base  in  the  reaction  medium,  and  the  choice  of  pro¬ 
tection  for  the  carbohydrate  hydroxyls  all  play  critical  roles 
(see  Table  1).  Peptide  4'^  was  chosen  for  model  studies 
because  the  valine  residue  adjacent  to  Asp  waa  expected 
to  hinder  succinimide  formation.*'^  Activation  of  peptide 
4  with  diiaopropylcarbodiimitle  (DIG)  did  not  effect  cou¬ 
pling.  whereas  coupling  of  the  1-hydroxybenzotriazole 


1 1 1 1  To  our  kjBowMfe  ont  attempt  to  impIcmeDt  thi«  approach  hai 
bern  reported.  The  couplinf  of  2  to  tevcral  di-  and  tripeptidai  wai 
reported,  albeit  in  low  (ca.  20%  i  yield.  However,  the  producta  were  not 
Oeprotected.  (a)  lahii.  H.;  Inoue.  Y\;  Chufo.  R.  Int.  J.  Rep.  Prat.  Res.  1984. 
2-t.  421  lb)  Uhii.  H.:  Inoue.  Y.;  Chujo,  R.  Polymer  J.  1985.  17,  69(,. 

I  >2i  A  lolution  of  Boc-Aapla-Bnl  (3.0  equivi  and  DIEA  (5.3  equiv  ir. 
DMF  was  added  to  crude  2^  (B«nzotriazol-l-ylozy)triiidiiDeth\3 
aminoiphcaphooium  heiafluoropoospnate  (BOP.  3.5  aquiv)^  waa  sddec 
and  me  aoluiioa  was  lUrrad  at  23  *C  for  17  h.  Silica  (ei  chrDmatofraph^ 
aiiorded  the  glyooaylaud  ammo  acid  In  >-ie:d  -.none  of  the  Li-anoo-.e: 
was  aetected  by  'H  .NMRi 

•  1  Ji  Bodanazky.  M.-.  Maninex.  J.  J.  Org.  Chtm.  1978.  43.  3071  The 
rale  o;  succinimide  formation  is  dependent  on  me  identity  of  the  amir, 
acia  c  -terminal  to  the  aspartate. 

-i4-  Tne  attempted  couplin(  of  the  peptide  HjN-WDAS-CONH 
wit.r  2  -3  equiv  of  BOP.  16  equiv  of  DIE.-\.  DMF.  23  'Ci  afforded  t.re 
succinimide  as  the  major  product  by  HPLC  i3v%  isolated  yieidi;  none 
of  the  desired  glycopeptide  was  detected.  Additional  reactions  were  not 
attempted  due  to  the  difficulty  of  the  syntheais  and  purification  of  this 
peptide 

I  i.Yi  Peptides  4.  7.  10.  and  12  were  sy-nthcaized  on  the  Kaiser  oxime 
resin-*  -  using  BOP  or  HBTL  couplings,  ciesved  from  the  resin  mnt.h 
amm-jnium  acetate."  and  oeprotected  using  irifluoroacetic  acid  (TF.4 

4  and  10.  .AspItBui  was  usedi  or  hydrogenition  i7  and  12.  H;  Pd  on 
'2  D.MF  35-ij  pai;  AspiBni.  T>Ti2.6-dichloroBnl.  Thr(Bn).  and  SeriBn 
were  usedi.  Ac-WDAS-NH;"  was  synthesixed  on  the  RapidAmide  resin 
using  me  DuPont  RaMPb  tysum.  and  cicayed  and  oeprotected  with 
TFA  water, ethanedithiol/tluoaniiole  (AspitBui  and  SeritBul  were 
usedi.  In  the  casaa  of  peptides  7  and  12.  the  corretponding  succinimides 
were  formed  to  yarying  extents  during  the  syntheau  and  dcprotectio.n 
in  the  most  extreme  case  i7i.  the  crude  cleavage  product  cunumed  - 

s-j.ciniraide  8  lunder  certain  cleavage  conditions,  less  than  .3*3  ' 

ihe  desired  peptide  7  was  producedi  The  structure  of  7  was  support'  : 
b\  the  F.ABMS  tragmentation  pattern  I NIH  MSiacilityi.  buccinimiOr 

5  was  lormed  as  •  (product  of  acetylation  of  H-D\T-NH;  ipeptide  4  was 
me  major  product).  Each  peptide,  peptide  succinimide.  and  glycopeptide 
wa*  purified  to  homogeneity  by  revenc-phate  HPLC  lC'4i  and  charac 
terized  b>  'H  .N.MR  and  FAb  mass  spectrometry  The  a  stereorhemutr. 
a;  the  anomeric  poailiun  of  each  glycupcptioe  waa  confirmed  by  the 
magnitude  of  the  coupling  constant  iJ, }  •  ca  9  Hzi 

1 161  lai  Kaiier.  E  T.  Acc  Chem.  Het.  1989.  22.  47.  (bl  Kaiser.  E  T  , 
ei  al  petence  1989,  243.  187 

'ITi  .larrett.  .1.  T.;  Lansbury.  P  T  .  Jr.  Trirahedrnn  Lett  1990 
4.361 
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Table  I 


proouci 

distribution  iHPLCi.’’ 

DiFFA.  eour  (tivcopeptioe 

startine  materia! 

succinimide 

95  i6 

0  i4i 

5  i5i 

f  : 

>S.5  i4i 

5  <5 ' 

•20  1 6 

'5  III 

5  (5. 

>9'.''  It' 

5  i4i 

<5  (5i 

tf;i 

(t  t4i 

10  i5> 

O’.  11  .5K~  . 

.5  '10' 

.\A 

s-i  '9.  53^1  ' 

15  '  7 ) 

-5  iKi 

30  .14,  61  q  . 

15  113.  12^1 

5  1 13i 

•  '  I  tu;  r.  iTi..  <1.  v'..,,  V.  Tvr.  L.  Leu.  T.  Thr.  S,  Ser.  W,  Trp;  A.  Ala.  •.All 

■"‘I'liiv  reaiTi  • '.  ecu.i  .  f  HOBu  at  rw.m  temperature,  except  where  otherwise 
•.'l  l-  .1.  p.iren'.ne^e-  're"  r  -.:n"'.r  m  In  this  case.  6  equiv  irelative  to  peptidei 
I'l  i.ii.i.  ^  pT‘~r.\T-:  «:'.n  111''  i  equii '  and  HOBt  i.l  equr.i  for  20  min  before 
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:  /i-t)enzotriazol-l-yli-l.l,3,3-tetramethyiuronium 

nexafiuiiri  phosphate  tHBTUi  tentries  1.  4.  6-81. We 
have  ais.i  observed  that  succinimide  formation  is  directly 
related  to  the  amount  nf  base  present  in  the  coupling 
reaction  le.ntry  4  vs  entrv  oi;  we  recommend  using  the 
rninirr.tir",  required  '2  equiv  of  glycosylamine  or  1  equiv 
"'vl-imine  with  1  equiv  of  diisopropylethylamine 
I  Dlt.A  I  •  ■-  The  choice  of  the  amine  component  tor  the 


t's'.irt'.  B..  Dormov.  .1  H  .  F.vm.  C,..  Selve.  C.  Tetrahedron  Let: 
1975.  :21.' 

•  21t  Knurr  R  .  Tneciak  A  :  Bannwirth.  W..  Gillessen.  D  Trtrohe- 
ar'.n  Lett  IMS.  Jn  1927 

i22i  Althciufh  the  model  resctions  reported  in  the  table  involve  the 
M'l  ..f  I'lM-'isviamine  3  as  nucle<>phile  and  as  base  equiv  i.  we  have 
rei-enilv  shown  that  the  reaction  works  equally  well  land  is  more  eco- 
n..niii'nli  with  I  equiv  of  3  and  I  equiv  of  DIEA  at  base  inther 
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coupling  reaction  is  also  critical.  Using  our  optimized 
coupling  conditions. peptide  4  was  coupled  to  3  to  afford 
the  glycopeptide  6  in  good  yield  (entry  1).  However,  using 
the  0-acetylated  nucleophile  2.‘^  no  significant  coupling 
was  observed  (entry  2).  This  result,  which  is  consistent 
with  our  earlier  experience*''  and  the  low  yields  obtained 
in  the  past  using  2  as  the  amine  component.**  may  be  due 
to  the  decreased  nucleophilicity  of  2  relative  to  3.“ 

In  contrast  to  peptide  4,  peptide  7  should  be  optimally 
disposed  for  cyclization;*^  however,  using  our  conditions.'® 
a  53%  yield  of  glycopeptide  9  was  isolated  with  minimal 
succinimide  formation  (entry  71.  Glycosylamine  3  has  also 
been  coupled  to  peptides  10  and  12*  to  provide  the  gly- 
copeptides  11  (SSVc  purified  yield)  and  14  (61%),  re¬ 
spectively  (entries  6  and  8).*®  *®  Our  current  focus  is  to  test 
the  limits  of  this  reaction  regarding  the  size  of  each  com¬ 
ponent  and  to  adapt  this  coupling  procedure  to  a  solid- 


(23)  A  method  for  the  conversion  of  peracetylated  oligosaccharides 
with  GlcNAc  at  the  reducing  terminus  to  the  d-giycoaylamine  and  sub¬ 
sequent  coupling  to  an  amino-protected  aspartic  acid  ester  has  been 
reporud/  We  have  modified  that  procedure  to  minimize  handiine  of  the 
unstable  glvcosyl  amine  as  follows;  the  fl-glycosylazide'*’”  was  treated 
with  1.3-propanedithioP  i6  equivi  and  diisopropylethylamine  (3  equivi 
in  dimethylformamide  (DMF)  for  1.5  h  at  23  °C  to  afford  the  d-glyco- 
sylamine  2.  Solvent  was  removed  in  vacuo,  and  the  crude  product  was 
coupled  directly.'^ 

(24)  Bayley.  H.;  Standring,  D.  N.;  Knowles.  J.  R.  Tetrahedron  Lett. 
1S78.  3633. 

(25)  A  referee  suggests  that  the  observed  difference  in  yield  may  sim¬ 
ply  be  due  to  the  lability  of  2  under  the  reaction  conditions.  Although 
the  rearrangement  (see  ref  7b)  and  dimerization  (Paul.  B.;  Korytnylc.  W. 
Carhohydr.  Res.  1978.  6T.  457)  of  2  are  precedented.  we  feel  that  this 
explanation  is  unlikely  in  light  of  the  successful  coupling  of  2  to  Boc- 
Asplo-Bnl  (see  ref  12i. 

(26)  Peptide  12  is  derived  from  the  glycosylation  site  of  ovalbumin. 
Glabe.  C.  G.;  Hanover.  J.  A.;  Lennart.  W.  J.  J.  Biof.  Chem.  1980.  25-5. 
9236. 


phase  methiidology  which  allows  tor  selective  deproteciu  i 
of  a  single  carboxyl  group  at  the  desired  aspartic  acid.  'I  h.- 
procedure'®  has  been  used  to  successfully  glycosylate  re¬ 
sin-bound  aspartic  acid.®'  Preliminary  'H  NMR  experi¬ 
ments  of  glycopeptides  6  and  11  indicate  that  the  attacned 
carbohydrate  may  influence  the  conformation  of  the  pep¬ 
tide  chain,  possibly  via  the  formation  of  a  hydntgen  bond  ■*' 
The  availability  of  a  wide  variety  of  scTithetic  glycopeptide- 
will  enable  us  to  elucidate  these  imp(>rtant  interaction- 
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(27)  Fluurenylmethoxycarbonyl  (Fmoc  protected  aspartic  acid  Dounc 
to  the  polystyrene- based  methyiphenacyi  resin™  was  treated  with  3  1. 
equiv).  HBTL'  i3  equiv).  and  HOBt  (1  equivi  in  DMF  'DMSO.  After 
shaking  for  25  h.  the  resin  was  photolyzed  (350  nm.  DMF/2  equiv  of  H^O. 
23  h.  23  “C)  to  provide  the  pr^uct  Fmoc-Asn(GlcNAc),  as  well  as  some 
unreacted  Fmoc-Asp  1— 4.1  glycoamino  acid  to  starting  material,  bv 
HPLC) 

(28)  Glycopeptides  II  and  6  were  analyzed  CH  NMR,  300  MHz. 
DMSO)  over  the  temperature  ra^e  20-50  *C.  For  1 1.  the  chemical  shifts 
of  two  amide  protons  were  relatively  insensitive  to  temperature  ( A4  IT 
S  3.5  ppb/deg).  indicating  the  participation  of  these  protons  in  hydrogen 
bonds."  For  6.  one  amide  proton  appears  to  be  involved  in  hydrogen 
bonding.  Details  of  these  and  other  NMK  experiments  will  be  published 
elsewhere. 
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